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The phenomenon of positron confinement enables us to investigate the electronic structure of nanoclusters
embedded in host matrices. Solid Kr nanoclusters are a very interesting subject of investigation because of the
very low predicted value of the positron affinity of bulk Kr. In this work, positron trapping in solid Kr
nanoclusters embedded in MgO is investigated. The Kr nanoclusters were created by means of 280 keV Kr ion
implantation in single crystals of MgO~100! and subsequent thermal annealing at a temperature of 1100 K. The
nanoclusters were observed by cross-sectional transmission electron microscopy in high-resolution mode. The
fcc Kr nanoclusters are rectangularly shaped with sizes of 2 to 5 nm and are in a cube-on-cube orientation
relationship with the MgO host matrix. From the Moire´ fringes in high-resolution recordings, the lattice
parameter of the solid Kr was deduced and found to vary from 5.3 to 5.8 Å. The corresponding pressures are
0.6–2.5 GPa as found using the Ronchi equation of state. The relationship between lattice parameter and
cluster size was investigated and it was found that the lattice parameter increases linearly with increasing
nanocluster size. The defect evolution during annealing was monitored by means optical absorption spectros-
copy and positron beam analysis. No evidence of positron trapping was found despite the very low positron
affinity of solid Kr. Alternative definitions of the positron affinity are proposed for application to insulator
materials.
DOI: 10.1103/PhysRevB.67.235409 PACS number~s!: 61.46.1w, 68.65.2k, 71.60.1z, 78.70.BjI. INTRODUCTION
Recently, great advances have been made in the investi-
gation of the electronic structure of metallic nanoclusters by
means of positron annihilation spectroscopy. When certain
requirements with respect to the positron affinity are ful-
filled, the vast majority of the positrons is trapped in embed-
ded nanoclusters, thereby becoming a self-seeking probe for
nanocluster material. When a positron technique such as
two-dimensional angular correlation of annihilation radiation
~2D-ACAR! is used, the positrons reveal the electronic struc-
ture of the nanoclusters. This discovery is very interesting
since below a certain cluster size, all material properties of
the nanocluster start to change: structural phase transforma-
tions, metal-insulator transitions, modification of optical
properties, and widening of the band gap for semiconductor
nanoclusters occur.1–4 The three-dimensional spatial confine-
ment of the positron wave function in the nanoclusters is
called positron confinement. Host-nanocluster systems that
have been investigated very successfully are Li in MgO
~Refs. 5 and 6! and Cu in Fe ~Refs. 7 and 8!. Here the Li and
Cu nanoclusters adopt the unusual fcc Li and bcc Cu struc-
tures to be more coherent with the host matrix. The 2D-
ACAR experiments in the works mentioned above provided
a unique opportunity to investigate the Fermi surface of these
unusual crystal structures. However, positron confinement
only works when the positron affinity of the nanocluster is
lower than the positron affinity of the host material and when
the host-nanocluster interface is without defects so that the
positron will not become trapped at the interface. Looking
through the literature that has predicted positron affinity for
almost all metals,9 a number of semiconductors,10 a few0163-1829/2003/67~23!/235409~9!/$20.00 67 2354insulators,5,11 and rare gases,12 it is obvious that the solid
noble gases have by far the lowest positron affinity of all
elements ~less than 210 eV), making them the most inter-
esting candidates to further pursue and exploit the phenom-
enon of positron confinement. In this work, we have created
solid Kr nanoclusters as observed by means of transmission
electron microscopy ~TEM! and investigated positron trap-
ping in this host-nanocluster system. Solid Kr clusters cre-
ated by means of ion implantation were already observed in
the metals Ti, Ni, Cu, Mo, and Au,13,14 in graphite and
Grafoil,15 and once in MgO.16 Most of the work on solid Kr
mentioned above concerns the analysis of diffraction patterns
in TEM and x-ray absorption studies. We show solid Kr clus-
ters in TEM in high-resolution mode, similar to the high-
resolution work already performed on solid Xe clusters.17
II. EXPERIMENTS
Several epi-polished MgO~100! single crystals of size 10
31031 mm3 were implanted at room temperature with 280
keV Kr ions to a dose of 331016 ions cm22 and subse-
quently annealed in ambient air for periods of 30 min at
temperatures of 900 K and 1100 K, respectively. After ion
implantation and after each annealing step, the evolution of
ion implantation defects was monitored with optical absorp-
tion spectroscopy and Doppler broadening positron beam
analysis18 ~PBA! using a monoenergetic positron beam with
a variable acceleration energy of 0–30 keV. Cross-sectional
transmission electron microscopy ~XTEM! was applied after
the 1100 K annealing step. The TEM was performed using a
JEOL 4000 EX/II microscope operating at 400 kV ~point-to-
point resolution 0.17 nm!. The specimen preparation is dis-©2003 The American Physical Society09-1
van HUIS, van VEEN, SCHUT, KOOI, AND de HOSSON PHYSICAL REVIEW B 67, 235409 ~2003!TABLE I. Sample treatment and main experimental observations.
Sample treatment
Ion implantation 331016 Kr ions cm22 at an energy of 280 keV.
Thermal anneal At 900 K and 1100 K for a period of 30 min.
Results
Optical absorption F and V centers present after implantation;
dissociation after 900 K anneal.
XTEM Cubical, solid Kr clusters at 70–130 nm depth, cluster size 2–4 nm.
Cubical nanovoids at 15–30 nm depth, cluster size 2–5 nm.
PBA Defect agglomeration during annealing.
High S parameter in nanovoids layer;
S parameter in Kr cluster layer higher than that of bulk MgO
and lower than the S parameter of MgO with defects.cussed elsewhere.19 The sample treatment and main observa-
tions are listed in Table I.
III. RESULTS
First, the results of optical absorption spectroscopy will
be presented. Next, the XTEM results will be shown, focus-
ing both on the solid Kr nanoclusters and on the defects
created in the MgO. Finally the result of positron beam
analysis is shown as an additional method to obtain depth-
resolved information on the defect evolution in the compos-
ite material during the sample treatment. Possible trapping in
Kr nanoclusters is discussed in terms of the positron affinity.
A. Optical absorption spectroscopy
The results of the optical absorption spectroscopy are dis-
played in Fig. 1. After ion implantation, two types of defects
can be distinguished. At a wavelength of 570 nm, there is an
absorption peak that can be attributed to V centers ~Mg va-
FIG. 1. Optical absorption spectra of a MgO~100! crystal im-
planted with 280 keV 331016 Kr ions cm22, as implanted and after
annealing in air at various temperatures.23540cancies! and at a wavelength of 250 nm, there is another
absorption peak that can be attributed to F centers ~O
vacancies!.20 Both absorption peaks vanish after annealing at
900 K.
B. Cross-sectional TEM
XTEM was performed on a sample after the 1100 K an-
neal step. Figure 2 shows an overview image. The area be-
tween 70 and 130 nm depth is a subsurface layer that con-
tains Kr nanoclusters. The rectangular area in Fig. 2 ~marked
with the white brackets! is enlarged in the high-resolution
TEM image of Fig. 3. Here the Kr nanoclusters can be
clearly observed. The clusters are rectangularly shaped and
the sizes vary from 2 to 5 nm. Moire´ fringes are present due
to the lattice mismatch between solid Kr and MgO.
The morphology of the nanoclusters is determined by the
interface energy corresponding to the various MgOiKr inter-
FIG. 2. TEM overview image of Kr-implanted MgO. Solid Kr
nanoclusters are observed in a band at a depth of 70–130 nm. The
white brackets indicate the area shown in Fig. 3.9-2
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the Wulff diagram21,22 if the interface energies are known. In
this particular case, it is clear that the $100% interface is
energetically more favorable than the $110% and $111% inter-
faces. The interface energy equals the sum of the surface
energies of MgO and Kr minus the work of adhesion:
gMgOiKr5gMgO1gKr2Wad . ~1!
Considering that the van der Waals bonding of the noble gas
Kr atoms is very weak, the interface energy of Kr and the
work of adhesion will be negligible with respect to the sur-
face energy of MgO, i.e., by approximation the MgOiKr
interface energy equals the MgO surface energy. Watson et
al.23 calculated surface energies of 1.25 J m22 for
MgO$100%, 1.87 J m22 for MgO$110%, and 2.5 J m22 for
MgO$111%. The last two values are valid for microfaceted
surfaces, but the surface energies for unfaceted $110% and
$111% MgO surfaces are even higher.23 Considering the
Wulff diagram,21,22 the absence of the $110% facets in the
rectangular Kr nanoclusters means that the MgO$110% sur-
face energy should be at least A2 times larger than the
MgO$100% surface energy, which is in agreement with the
theoretical values given above.
Figure 4 shows a magnification of the large cluster present
in the center of Fig. 3. There are five Moire´ fringes in 18
MgO lattice spacings. Since Kr is fcc in fcc host matrices14
and the Kr clusters are in a cube-on-cube orientation rela-
tionship with the MgO, the following relationship can be
used to calculate the lattice parameter of solid Kr, aKr :
1
d fringes
5U 1dMgO 2 1dKrU. ~2!
FIG. 3. Solid Kr nanoclusters at a depth of 75–120 nm with
Moire´ fringes caused by the lattice mismatch between solid Kr and
MgO.23540With a lattice parameter aMgO of 4.212 Å (dMgO,200
52.106 Å), this yields dKr,200518/(1825)dMgO,20052.9 Å
and thus the lattice parameter for solid Kr, aKr , equals 5.8 Å.
This corresponds to the lattice parameter of frozen Kr at a
temperature of 110 K.24 In a similar fashion, the Kr lattice
parameters in the other clusters present in Fig. 3 can be ana-
lyzed and values of 5.3–5.8 Å are found. These values for
aKr correspond reasonably well with values of 5.0–5.5 Å
reported in the literature.13,16 The important advantage of the
use of Moire´ fringes in comparison with the experimental
methods mentioned in the Introduction is that the lattice pa-
rameter can be determined for every Kr cluster separately. In
Fig. 5, the Kr lattice parameter is plotted as a function of the
cluster size. It is clear that there is a positive correlation
between aKr and the cluster size; the straight line plotted in
FIG. 4. High-resolution TEM image of a solid Kr nanocluster
~also present in the center of Fig. 3!. The lattice parameter of the
solid Kr can be derived from the Moire´ fringes ~see text!.
FIG. 5. Relationship between the Kr lattice parameter and the
cluster size.9-3
van HUIS, van VEEN, SCHUT, KOOI, AND de HOSSON PHYSICAL REVIEW B 67, 235409 ~2003!the figure is a linear least squares fit to the data. The cluster
size ~defined as the cube root of the nanocluster volume!
cannot be determined accurately since the cluster dimension
perpendicular to the plane in Fig. 3 or 4 cannot be deter-
mined. Therefore, the cluster size was estimated as the
square root of the cluster area that is visible in the figures.
The lattice parameter in small clusters is smaller due to the
higher pressure in small clusters. The lattice parameter can
be related to the pressure using the Ronchi equation of state
~EOS!. A lattice parameter of 5.3–5.8 Å for fcc Kr corre-
sponds to a molar volume of 22–30 cm3. Using the EOS for
solid Kr at a temperature of 300 K,25 the pressure in the
largest cluster is 0.6 GPa and the pressure in the smallest
cluster 2.5 GPa. These pressures are in reasonable agreement
with the minimum pressure of 0.83 GPa that is necessary for
the formation of solid Kr.16 It is also in good agreement with
the following equations, describing the relationship between
pressure and interface energy. The energy of the cluster sys-






For the case of a cube with size b, volume V5b3, and sur-




Since the interface energy is completely determined by the
surface energy of MgO @see Eq. ~1! and the discussion
above#, the pressure in the cluster can be calculated. It should
be realized that Eqs. ~3! and ~4! are only valid when the
material is in thermal equilibrium, i.e., at the temperature at
which the clusters were formed. The pressure and surface
energy mentioned in Eq. ~4! should therefore be considered
at 1100 K. The MgO$100% surface energy at 1100 K is 1.17
J m22 ~Ref. 26!. Using Eq. ~4!, a cluster size of 3 nm then
yields a pressure of 1.7 GPa at 1100 K. How can this pres-
sure be compared with the pressures of 0.6–2.5 GPa found
in the electron microscope at 300 K? MgO is a rather incom-
pressible material with a linear thermal expansion coefficient
that varies with temperature. Over the temperature interval of
300–1100 K, the average linear thermal expansion coeffi-
cient a lin is 1231026 K21 ~Ref. 27!. Since MgO is very
incompressible compared to Kr, we assume that the shrink-
age of the cluster is completely determined by MgO. With
avol53a lin , the change in volume of the cluster is 2.9%.
Therefore, the molar volumes of 22–30 cm3 as found at
room temperature correspond to molar volumes of 23–31
cm3 at 1100 K. Using again the Ronchi equation of state,25
but now for a temperature of 1100 K, we find pressures of
1.5–4.6 GPa. This is in good agreement with the pressure of
1.7 GPa that was found from Eq. ~4!.
Figure 6 shows an enlarged TEM image of the subsurface
area down to a depth of 60 nm. It is clear that a band of
rectangularly shaped nanovoids is present at a depth of
15–30 nm. These large vacancy clusters are 2–5 nm in size
and are rectangularly shaped, similar to the nanovoids found
previously in ion-implanted MgO.28 The rectangular shape is
again caused by the different surface energies of the various23540MgO facets ~see the discussion above on the rectangular
shape of the Kr clusters!. These voids are formed due to
accumulation of vacancies created by the Kr implantation. It
is, however, peculiar that this vacancy band is located so far
away from the main Kr cluster band, since normally the
damage depth distribution and the Kr depth distribution from
the same implantation are overlapping to a large extent.
Figure 7 shows the Kr depth distribution and the damage
created by ion implantation as simulated by means of the
SRIM2000 code ~Stopping and Range of Ions in Matter!.29
Here displacement energies of 55 eV were used for both Mg
and O.30 For the applied dose of 331016 ions cm22, the
peak value of the Kr concentration is 4.1 at. % and the peak
FIG. 6. TEM image showing the vacancy cluster band located at
a depth of 15–30 nm.
FIG. 7. Kr depth distribution ~after implantation, prior to ther-
mal anneal! and damage depth distribution as calculated using the
SRIM2000 code ~Ref. 29!.9-4
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First, it is clear that the predicted Kr depth distribution is in
excellent agreement with the location of the Kr nanocluster
layer at a depth of 70–130 nm as observed by TEM in Fig. 2.
It is also clear that the predicted damage depth distribution is
located shallower than the predicted Kr distribution. How-
ever, this does not explain the presence of a distinct vacancy
cluster band at a depth of 15–30 nm as observed by TEM: in
the SRIM simulation the vacancy and Kr distribution are not
separated but overlap to a large extent. A possible explana-
tion is that the vacancies and Kr atoms recombine at the
intermediate depth range of 30–70 nm: the presence of Kr in
the vacancy clusters slows down the mobility of Kr-filled
vacancy clusters so that large vacancy clusters are not
formed. At the same time, the concentration of Kr in this
intermediate layer is not high enough to form solid Kr nano-
clusters that are large enough to be observed by means of
TEM.
C. Positron beam analysis
The defect evolution during the annealing procedure was
monitored by Doppler broadening PBA.18 Annihilation of
positrons with electrons in solids yields information on the
momentum distribution of these electrons. The electronic
momentum distribution is reflected in the Doppler broaden-
ing of the 511 keV annihilation peak. Positron annihilation
with low-momentum valence or conduction electrons results
in a small Doppler shift, contributing to the center of the
peak. Annihilation with high-momentum core electrons re-
sults in a large Doppler shift, contributing to the wings of the
511 keV annihilation peak. The shape of the 511 keV peak is
characterized by the so-called S ~shape! parameter, which
gives the ratio of the number of counts in the center of the
peak to the number of counts in the whole peak.18,5 By using
a monoenergetic positron beam with variable energy, the S
parameter can be recorded as a function of depth. However,
at larger depths the depth resolution decreases due to broad-
ening of the implantation profile of the implanted positrons.
The S parameter is displayed in Fig. 8 as a function of
positron implantation energy. The average positron implan-
tation depth is indicated on top of the figure. The solid lines
show the results of the VEPFIT simulation that will be dis-
cussed below. It is clear that after implantation, the S param-
eter increases with respect to reference MgO in the ion-
implantation zone and it increases further after annealing at
900 K and 1100 K over a wide range. The S parameter in
ion-implanted MgO always increases after ion implantation
due to the efficient formation of vacancy-type defects in the
Schottky material MgO.28 It is observed that the S parameter
increases after annealing at 900 K. Simultaneously, the opti-
cal F and V centers dissociate after annealing at this tempera-
ture as observed with optical absorption spectroscopy ~see
Fig. 1!. This clearly indicates aggregation of vacancy-type
defects ~the larger the vacancy clusters, the larger the S pa-
rameter!. The peak at 1.5 keV positron implantation energy
in Fig. 8 can be attributed to the presence of the vacancy
cluster band that was observed with TEM in Fig. 6. These
voids are large enough to form positronium ~Ps!, a hydrogen-23540like bound state of a positron (e1) and an electron (e2).
Positronium formation leads to a dramatic increase in the S
parameter.18 In order to analyze the PBA results in more
detail, the VEPFIT code31 was used to find the S parameter
corresponding to every defect layer. The S parameter found
at certain positron energy in Fig. 8 consists of contributions
of various layers due to the broadness of the positron implan-
tation profile ~which is increasing with increasing positron
energy! and due to positron diffusion processes. The VEPFIT
code takes these effects into account and yields the depth-
resolved S parameters for every defect layer. Based on the
TEM observations, a six-layer model was used as defined in
Table II. The chosen diffusion lengths are reasonable esti-
mates. When considering the number of clusters in Figs. 3
and 6, it is clear that here the diffusion length will be 5 nm or
less. The layers and the corresponding depths are indicated at
the top of the graph in Fig. 8. Layer V with a depth of
130–300 nm is the so-called ion-implantation tail. Due to
channeling effects, the implantation damage in MgO extends
much further than the maximum range as predicted by SRIM
~Fig. 7! as this code assumes the atoms in the target material
to be randomly distributed. Only for the S parameter curve of
reference ~nonimplanted! MgO, a single-layer model was
used with the S parameter value of bulk MgO, 0.475.
The solid lines in Fig. 8 are the result of VEPFIT fitting and
it is clear that the model as discussed above is well able to fit
the experimental S parameter curves. Figure 9 shows the
depth-resolved S parameters found using VEPFIT for the
sample after the 1100 K annealing step ~where XTEM was
also performed!. As expected, the S parameter in the nano-
voids layer ~layer II! is rather high, 0.59. The S parameter in
the layer with Kr nanoclusters ~layer IV! is lower than that of
FIG. 8. S parameter vs positron energy measured for reference
MgO and for MgO:Kr after implantation and after thermal anneal-
ings. The scale at the top of the graph indicates the average positron
implantation depth. The Roman numerals are the layer numbers
~see Table II! and the solid lines are the result of VEPFIT fitting ~see
text!.9-5
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with the same parameter.
Layer Description Depth ~nm! S par. Diff. length ~nm!
I MgO with defects 0–15 Sdef ~fitted! 5
II nanovoids 15–30 Svoids ~fitted! 5
III MgO with defects 30–70 Sdef ~fitted! 5
IV Kr clusters 70–130 SKr ~fitted! 5
V MgO with defects 130–300 Sdef ~fitted! 20
VI MgO bulk .300 SMgO50.475 100the adjacent layers but higher than that of bulk MgO. This
explains the ‘‘dip’’ in the S parameter curve in Fig. 8 at 4.5
keV positron implantation energy. The fact that the S param-
eter in the layer with Kr nanoclusters is not much different
from adjacent layers points to the low interaction of posi-
trons with Kr nanoclusters. The reason that the S parameter
in the nanocluster layer is lower than in the adjacent layers
~Figs. 8 and 9! is probably due to Kr filling of vacancy-type
defects. Thus there are less open volume defects for the pos-
itrons to become trapped in and the value of the S parameter
is closer to that of bulk MgO.
In order to investigate the behavior of positrons with re-
spect to the nanoclusters in more detail, a 2D-ACAR experi-
ment was carried out on the nanoclusters after the 1100 K
annealing step. 2D-ACAR allows a detailed investigation of
the electronic structure of a material.32,8,6 Experimental de-
tails of the setup can be found in Refs. 5 and 6, where pos-
itron confinement in Li nanoclusters in MgO is investigated.
The positrons were implanted at 4.5 keV energy, correspond-
ing to implantation in the center of the Kr nanocluster layer.
No anisotropic contribution other that that of MgO could be
observed in the 2D-ACAR spectrum after accumulation of
73106 2g-coincidence events,33 thus supporting the idea of
negligible trapping in and interaction with Kr clusters. This
FIG. 9. Depth-resolved S parameter as a function of depth in the
sample after the 1100 K annealing step, as found using the VEPFIT
code. The applied six-layer model is given in Table II. The layers
are indicated in Roman numerals.23540is in contradiction with the expectation that positrons are
very effectively trapped in Kr nanoclusters because of the
very low positron affinity of solid Kr ~Ref. 12! compared to
that of MgO.5 So why do the Doppler broadening and 2D-
ACAR results not give evidence of positron trapping in the
Kr nanoclusters?
D. Positron trapping and positron affinities
Whether positrons become trapped in nanoclusters is de-
pendent on the positron affinity.9,7,5 First we deduce the defi-
nition of positron affinity for metals, following the derivation
by Puska and co-workers.9,34 Let us first consider Fig. 10.
Both the electronic energy levels and the positronic energy
levels in the same material are defined with respect to the
crystal zero ~CZ!. The crystal zero level is defined as the
Coulomb potential far away from a single atomic sphere.34
The electron chemical potential m2 is defined as the energy
difference between the top of the conduction band ~coincid-
ing with the Fermi level! and the crystal zero. The positron
chemical potential m1 is defined as the energy difference
between the bottom of the positron bands E1 ,0 and the crys-
tal zero. Both m2 and m1 are usually negative. The elec-
tronic work function f2 ~positron work function f1) is the
work to be done to bring an electron ~positron! from the
Fermi level ~positron ground level! to vacuum. The surface
dipole potential step D is the potential difference for elec-
trons between the vacuum level and the crystal zero. Posi-
trons experience the same potential step, but then with oppo-
site sign: 2D . The following relationships hold:
FIG. 10. Schematic diagram showing the relevant electronic and
positronic energy levels with respect to the crystal zero ~CZ! for the
case of a metal.9-6
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f152m12D . ~5b!
When two metals surfaces are in contact, electrons will
flow from one material to the other until the Fermi levels are
aligned, thereby establishing thermal equilibrium. This situ-
ation is shown in Fig. 11. The result is an interface dipole





FIG. 11. Schematic diagram showing alignment of the Fermi
levels for the case of two metals in contact. Note that the alignment
shift of the crystal zeros is D5m2
A 2m2
B for electrons and 2D for
positrons.23540this potential step is equal in magnitude but opposite in di-
rection. The difference between the lowest positron energies














it follows from Eq. ~6! that the difference in positron ground
levels between the two metals is simply the difference be-





Values for the positron affinity are commonly expressed in
eV and are negative for most materials. The positron affinity
is an entity that is characteristic of a material and it has been
calculated for almost all metals,9 a number of
semiconductors,10 a few insulators,5,11 and rare gases.12 A
necessary condition of the positron quantum confinement in
a cluster ~A! embedded in a host ~B! is that DEAB ,1,0.
Then the cluster represents a three-dimensional potential
well for positrons.5 If DEAB ,1.0, the cluster acts as a po-
tential barrier. Finally, the possibility should be considered
that positrons are trapped at the interface.
The question now arises whether the concept of positron
affinity as defined in Eq. ~7! can be applied to an insulator-
insulator interface. The alignment of the Fermi levels is ex-
pressed in the term m2
A 2m2
B 5Dalign
METAL on the right-hand side
of Eq. ~6!. This is true for metals where the position of the
electronic chemical potentials coincides with the position of
the Fermi levels. This is not true, however, for insulators. In
insulators the electronic chemical potential is defined as the
distance between the top of the valence band and the crystal
zero,12 as depicted in Fig. 12. EV is the top of the valence
band, EC is the bottom of the conduction band, and EF is the
Fermi level positioned in the middle of the band gap Eg .
Figure 12 shows the electronic and positronic energy levelsFIG. 12. Electronic and positronic energy levels for MgO in contact with solid Kr, based on the data listed in Table III. The alignment









B between the crystal zeros of the two materials.9-7
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B 2 12 Eg
B
. The energies and energy levels dis-
played in the figure are to scale. The numerical values of the
electronic and positronic entities for MgO and Kr are listed
in Table III and are mainly obtained from Refs. 5 and 12.
Considering Fig. 12, it is clear that the difference between
the positron ground potentials of the two materials is not






















2 Eg , ~10!
so that Eq. ~8! is still valid. Using Eq. ~9! and the values
given in Table III, we find a difference in positron ground
potentials DEAB ,1
INS of 26.7 eV. So DEAB ,1,0 and the Kr
nanoclusters should act as potential wells, in contradiction
with our experimental observations that do not show evi-
dence of positron trapping in Kr.
One possible explanation is that the Fermi levels are not
equalized. MgO and Kr are both insulators with large band
gaps of 7.8 and 12 eV,12 respectively. When there are no
TABLE III. Electronic and positronic data for MgO and Kr.
MgO Kr Reference or equation
a0 ~Å! 4.212 5.72 Refs. 12, 41
m2 ~eV! 21.0 213.3 Refs. 12, 41
m1 ~eV! 25.0 21.3 Refs. 12, 41
f2 ~eV! 3.8 11.9 Refs. 12, 39
f1 ~eV! 2.2 2.7 Eq. ~5b!, Ref. 12
D ~eV! 2.8 21.4 Eq. ~5a!
EC ~eV! 6.8 21.7 Refs. 12, 41
Eg ~eV! 7.8 11.6 Refs. 12, 41




METAL ~eV! 26.0 214.6 Eq. ~7!
A1
INS ~eV! 22.1 28.8 Eq. ~10!
A1
VAC52f1 ~eV! 22.2 22.7 Eq. ~11!
aDefined with respect to the crystal zero in Fig. 12.23540electrons available to align the Fermi levels, thermal equilib-
rium cannot be established and the vacuum levels will be
aligned instead.35 In addition, it is well known that the en-
ergy levels of rare-gas solids physisorbed on various metal
surfaces are aligned to the vacuum level.36–38 Therefore, we
have also considered alignment of the vacuum levels. This is
achieved analogous to the alignment procedure shown in Fig.
12. The final result is that the difference between the positron
ground states of the two materials is simply the difference





so that 2f1 takes the role of the positron affinity when the
vacuum levels are aligned @compare with Eq. ~8!#. With the
values given in Table III, this yields 20.5 eV for DEAB ,1VAC ,
indicating that the nanocluster still acts as a ~shallow! poten-
tial well. However, the differences in calculated energies be-
tween various theoretical models are approximately 1 eV.12,5
Furthermore, we have combined experimental and theoreti-
cal results, and the electronic and positronic data for Kr
given in Table III are only valid for a lattice parameter of
5.72 Å, while in reality there is a distribution. Therefore, we
estimate the systematic error in DEAB ,1 to be at least 1.5 eV,
so that it is not clear whether positrons will trap in Kr nano-
clusters when the vacuum levels are aligned. The various
possibilities for alignment of the electronic energy levels and
the corresponding differences in positronic ground potentials
are summarized in Table IV.
One more aspect to be considered is that Kr is commonly
used as a moderator because positrons thermalize ineffec-
tively in solid rare gases.40 This means that positrons hardly
loose energy when moving in ‘‘bulk’’ solid Kr. So even if the
Kr nanoclusters would act as a potential well, a positron
entering a nanocluster might not loose enough energy to be
thermalized and to remain trapped inside the cluster until
annihilation. In the literature, trapping in spherical Kr
bubbles in metal ~Ni, Cu! is reported42,43 and these authors
conclude that the trapping occurs at the interface rather than
in the nanocluster itself. We cannot fully exclude that posi-
trons are also trapped at the MgOiKr interface, but it is not
likely. First, the TEM results suggest that the cubically
shaped Kr clusters fit very well in the MgO lattice, reducing
the probability of interface defects that can act as trapping
sites. Second, if the positrons would trap at the interface, one
would still expect an anisotropic contribution from Kr to the
2D-ACAR spectrum due to overlap of the positron waveTABLE IV. Positronic potential difference between the Kr cluster and MgO in contact assuming align-
ment of the Fermi levels in metals @Eq. ~6!#, in insulators @Eq. ~9!#, or assuming alignment of the vacuum















aNot applicable: Does not apply to the MgOiKr insulator-insulator interface.9-8
FORMATION OF SOLID Kr NANOCLUSTERS IN MgO PHYSICAL REVIEW B 67, 235409 ~2003!functions with the solid Kr. Unfortunately, the anisotropy in
the electronic/positronic structure for bulk Kr is not known
theoretically nor experimentally, so that we cannot analyze
our experimental results into more detail.
IV. CONCLUSIONS
Solid Kr nanoclusters were successfully created in MgO
by means of 280 keV Kr ion implantation and subsequent
thermal annealing at 1100 K. The nanoclusters were ob-
served by cross-sectional transmission electron microscopy
~XTEM! in high-resolution mode. The fcc Kr nanoclusters
are rectangularly shaped with sizes of 2 to 4 nm. The lattice23540parameters of the solid Kr in the clusters varies from 5.3 Å
for small clusters to 5.8 Å for large clusters, with the lattice
parameter increasing with increasing nanocluster size. Using
the Ronchi equation of state ~EOS!, this corresponds to local
pressures of 0.6–2.5 GPa. Both optical absorption spectros-
copy and Doppler broadening positron beam analysis show
that small defects are present in the MgO after the ion im-
plantation and that defect aggregation occurs during anneal-
ing. Experimentally, no evidence was found for positron con-
finement in Kr nanoclusters. The nonequalization of Fermi
levels, the poor thermalization of positrons in solid Kr, and
the absence of trapping sites at the KriMgO interface might
be the reason why positrons are not trapped in Kr clusters.1 W. P. Halperin, Rev. Mod. Phys. 58, 533 ~1986!.
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